Summary: Repeated bedside measurements of CBF have been made possible by the recent development of a mo bile unit with 10 stationary detectors using the intrave nous xenon-133 method. To evaluate this technique. com parative CBF studies at rest and following the application of a cerebral vasodilatory stimulus (acetazolamide, I g i.v.) were performed with the mobile equipment and with xenon-133 single-photon emission inhalation tomography in patients with cerebrovascular disease. The CBF level and the flow response to acetazolamide as determined with the two methods were well correlated, although at low flow levels the stationary detectors yielded some what lower CBF values than did emission tomography.
Summary: Repeated bedside measurements of CBF have been made possible by the recent development of a mo bile unit with 10 stationary detectors using the intrave nous xenon-133 method. To evaluate this technique. com parative CBF studies at rest and following the application of a cerebral vasodilatory stimulus (acetazolamide, I g i.v.) were performed with the mobile equipment and with xenon-133 single-photon emission inhalation tomography in patients with cerebrovascular disease. The CBF level and the flow response to acetazolamide as determined with the two methods were well correlated, although at low flow levels the stationary detectors yielded some what lower CBF values than did emission tomography.
Measurements of CBF by the noninvasive xenon-133 technique and stationary detectors are widely used for examination of patients with cere brovascular disease. The recent development of a compact mobile unit using the intravenous injection of xenon-133 has extended the applicability of the method and made repeated bedside measurements possible. Especially in connection with cerebrovas cular surgery or whenever it is desirable to follow a clinical progress. such serial measurements may be very informative (Rosenstein et al. . 1984; Schroeder et aI. , 1984) .
Single CBF measurements are of little clinical value in evaluating the cerebral circulatory reserve (Teasdale and Mendelow, 1981; Norrving et aI. , 1982) . For this purpose the cerebral circulation must be stressed by the use of a cerebral vasodi-Considering the side-to-side asymmetry, an excellent correlation was obtained. Using the initial slope index . the stationary detectors revealed quantitatively 83% of the interhemispheric asymmetry and 63% of the asym metry in the middle cerebral artery territory shown with the tomograph. As illustrated by a case history. the non tomographic CBF unit used in this study may provide re liable and useful information in patients with occlusive cerebrovascular disease by performing repeated CBF studies and challenging the cerebral circulation with acet azolamide. Key Words: Acetazolamide-Cerebral blood flow-Noninvasive xenon-133 technique-Nontomogra phic technique-Tomographic technique.
lator stimulus, enhancing the hemodynamic effect of localized arterial disease. Such a stimulus may be provided by the carbonic anhydrase inhibitor ac etazolamide (Diamox) (Lassen, 1985) . Applied in travenously acetazolamide induces a rapid increase in CBF of �50%, leaving the metabolic rate for ox ygen unchanged (Vorstrup et aI. , 1984b) , With respect to focal flow reductions, the infor mation obtainable by stationary detectors is limited (Lassen, 1981; lngvar and Lassen. 1982) . The blood flow recorded from ischemic areas will be heavily influenced by radiation emanating from the sur roundings owing to the "look-through" phenom enon, caused by superimposition of many tissue layers, and owing to Compton scatter (Potchen et aI. , 1969; Donley et aI. , 1975; Bolmsjo, 1984) . Su perimposition of tissue layers implies that even ac tivity emanating from the other hemisphere will be detected (hemispheric cross-talk), although it is at tenuated by absorption. The three-dimensional ap proach as applied in single-photon emission tomog raphy circumvents to a great extent the problems caused by superimposition of tissue layers (Lassen et aI. , 1981) .
To test the performance of the mobile IO-detector equipment in patients with cerebrovascular dis ease, CBP was measured at rest and after vasodila tion with acetazolamide and compared with those values obtained by dynamic emission tomography.
METHODS

Patients
After informed consent 16 patients with cerebrovas cular disease were investigated. The procedures followed were approved by the regional ethical committee and the National Institute of Radiation Hygiene. The median age of the 10 women and six men was 56 years, ranging from 31 to 76 years. Twelve patients had suffered ischemic strokes and four transient ischemic attacks. Four-vessel angiography showed unilateral occlusion of the internal carotid artery in 10 cases, of whom eight had severe ste nosis (> 75% reduction of vessel diameter) of the contra lateral internal carotid artery. Three patients had unilat eral severe stenosis, while the remaining three patients showed no or only minor changes at the carotid bifurca tions. The intracranial vessels were not systematically vi sualized.
A computer-assisted tomography (CT) scan was per formed in all but one patient. A hypodense area, taken as an infarction, was present in 11 patients; two patients had infarction in both hemispheres.
Measurements of CBP
At the time of examination, the patients were neurolog ically stable and the stroke patients were studied at least 10 weeks after the acute onset. Baseline CBF was mea sured with both methods in all subjects and in eight pa tients the study was repeated 20 min after intravenous administration of 1 g of acetazolamide. In two patients the baseline and acetazolamide studies were repeated 3 months following surgery. Thus, a total of 28 CBF studies were performed with both methods, in median 6 days apart (range 1-17 days).
The conventional CBF studies were performed with a mobile 1O-detector system using the intravenous xenon-133 technique (Novo Cerebrograph lOa) (Schroeder and Kastrup, 1984) . Five % x %-in. NaI detectors provided with cylindrical lead collimators, 20 mm long and 17 mm in diameter, covered each middle cerebral territory (Fig.  I) . The detectors were held perpendicular to the skull by two holders, securing reproducible positioning. The en ergy window was set to 57-105 keY, symmetrically around the 81-keY photo peak of xenon-133. A bolus of 10-20 mCi xenon-133 in saline was injected into an ante cubital vein, resulting in peak count rates of at least 2,000 counts/5-s interval. Following registration of background activity for 0.5 min, clearance was recorded throughout II min. Prior to the acetazolamide study, performed within 30-45 min of the baseline measurements, the re maining activity was measured during a 5-min period, and a monoexponential fit was used to correct the clearance curves. From a tight-fitted face mask, air samples were drawn continuously for estimation of the shape of the ar terial input curve.
Data were analyzed according to a two-compartment algorithm to which a linear correction term for air pas sage artifact was added (Prohovnik et aI., 1983) . This permitted a start fit time approximating zero. The shape of the artifact was determined by smoothing the average values of the air curve, and the magnitude appeared as the fifth unknown in the algorithm (Schroeder et aI., 1986) .
CBF was expressed as the fast compartment flow. Fg. and as the initial slope index. The initial slope index was calculated from the monoexponential slope between 30 and 90 s of a deconvoluted clearance curve. The blood to-brain tissue partition coefficient A was set to 0,85 ml g-1 in calculating Fg and to 1.0 ml g-1 in calculating initial slope index.
The tomographic CBF measurements were performed with a dynamic single-photon emission tomograph (To momatic 64) using xenon-133 inhalation (Stokely et aI., 1980) . The tomograph was equipped with 64 NaI crystals arranged in four banks looking at the brain from four sides. By use of a highly sensitive collimator, three slices of brain tissue were studied simultaneously with a spatial resolution of I. 7 cm in the horizontal plane and of 2.0 cm in the perpendicular plane, measured at full width at half maximum. In the present study only the middle slice placed �5 cm above the orbitomeatal plane was used.
During a period of 1.5 min, xenon-133 was inhaled from a closed system (including a CO2 absorber) yielding a maximum lung concentration of 10 mCi L -1. The max imum count rate per slice was �400,OOO counts/min, A sequence of four tomographic pictures of the isotope dis tribution was obtained during the xenon inhalation period and during each of the three subsequent I-min periods. These pictures, along with the arterial input profile esti mated by a single detector placed over the upper part of the right lung, permitted calculation of CBF by a decon volution procedure (Kanno and Lassen. 1979; Celsis et aI., 1981) . Calculations assumed a fixed value of A of 0.85 ml g-1 for gray matter tissue. The final result was pre sented as a 32 x 32-pixel matrix.
With the stationary detector equipment, the spatial res olution is limited owing to the relatively large-hole colli mators used as well as to the effect of Compton scatter in the brain. Consequently, we have considered only the hemispheric CBF, expressed as Fg and initial slope index, calculated as the average value of all five detectors without any attempt to evaluate the results of the indi vidual detector. For reason of comparison the hemi spheric CBF measured with the tomograph, Fy, was de termined in the following way: Disregarding the anterior and posterior one-forth of each hemisphere, the average flow value was calculated from the remaining middle part of the flow matrix in slice 2 (Fig. 2) . Furthermore, the middle cerebral territory CBF, FTmca, was calculated from the lateral two-thirds of the former area (Fig. 2) . In both methods the side-to-side CBF asymmetry was de termined as the interhemispheric flow difference as a per centage of mean CBF.
The arterial blood pressure and the end-expiratory CO2 concentration were registered with each measurement. Corrections for CO2 changes were not performed.
Statistical methods
Normality of the observations was verified by a Kol mogorov-Smirnov test (Zar, 1974) . The dependence of results obtained in the two methods was expressed in terms of the correlation coefficient, r, and the relation ship estimated in linear regression analysis (Diem and Lentner, 1970; Armitage, 1971) . All calculations were performed on a Digital PC 350 computer.
RESULTS
The CBF results measured at baseline conditions and following acetazolamide are shown in Ta ble 1. The tomographic FT is correlated with the sta tionary detector Fg in Fig. 3 (left) and with initial slope index in Fig. 3(right) . The baseline and acet azolamide studies could be considered together, as identity of the individual regression lines was not disproved statistically (p > 0. 1). The correlation coefficient between the tomograph CBF and the stationary CBF indexes Fg and initial slope index was 0. 80 and 0. 82, respectively (p < 0.0001). A re gression analysis showed that both stationary de tector CBF indexes underestimated low-flow values relative to FT' At high flow, Fg yielded values equal to or higher than FT, whereas initial slope index remained lower than FT but increased parallel to the FT values. The standard deviation of FT, as predicted from a measured Fg, was 9 ml 100 g-I min -I and correspondingly predicted from ini tial slope index 8 ml 100 g-I min -I. Correlating the middle cerebral territory CBF, FTmca (Fig. 3) , with Fg and with initial slope index gave practically identical results. Figure 4 shows the connected values of hemi spheric CBF measured before and after acetazol amide in the 10 studies, demonstrating a good agreement between FT and initial slope index.
The side-to-side asymmetry was determined as the interhemispheric flow difference as a per centage of mean CBF. Correlating the stationary detector initial slope index asymmetry with the to mographically determined FT and FTmca asymmetry revealed a correlation coefficient of 0. 95 (Fig. 5) . The slopes of the regression lines were 1. 2 and 1. 6, respectively, and the lines practically passed through the origin. In other words the stationary detector initial slope index yielded 83% of the asymmetry obtained with FT and 63% of the FTmca asymmetry. The standard deviation in predicting the tomographic CBF asymmetry given the initial slope index asymmetry was 6%. Similar results were obtained with stationary detector Fg, the cor relation being slightly inferior (r = 0. 90). Fg yielded 90 and 74% of the asymmetry obtained with FT and FTmca, respectively.
Measured with the tomograph, eight of nine pa tients with unilateral infarction on CT scan had a baseline CBF asymmetry exceeding 5% in favor of the noninfarcted hemisphere. In the same nine cases, using Fg and initial slope index, seven and eight patients, respectively, were lateralized cor rectly. In one case, however, both indexes lateral ized a significant asymmetry incorrectly. Acetazol amide studies were performed in seven of these nine patients with unilateral infarct and all showed by tomography an interhemispheric CBF asym metry exceeding 5%. Using initial slope index all seven patients were lateralized in agreement with the tomographic results; using Fg six were classi fied correctly.
Case history
CBF measurements were performed in a 6I-year old woman suffering a left cerebral hemisphere minor stroke and subsequent transient ischemic at tacks related to change in posture. Angiography showed a severe stenosis of the left internal carotid artery and a non stenosing plaque of the right in ternal carotid artery. CT scan demonstrated a small hypodense lesion in the left frontal lobe. The preop erative CBF tomogram revealed a marked flow re- duction in the entire left hemisphere (Fig. 6 , top left). Following acetazolamide CBF (FT) increased by 27% in the right hemisphere, whereas a slight decrease was seen in the left hemisphere (Fig. 6 , top right). Thus, the side-to-side asymmetry was markedly enhanced. Ta ble 2 gives the calculated CBF values obtained with the tomograph (FT) and with the stationary detectors initial slope index. Al though flow levels differed, the CBF asymmetry and the changes induced by acetazolamide were in agreement. During the subsequent left-sided in ternal carotid artery endarterectomy, the mean ce rebral perfusion pressure, measured distal to the stenosis, was 35 mm Hg and the mean stump pres sure 28 mm Hg. The postoperative course was un complicated and the transient ischemic attacks stopped. Repeated CBF measurements 3 months later showed only minor CBF asymmetry (Fig. 6 , bottom left), unchanged after acetazolamide (Fig.  6 , bottom right).
DISCUSSION
U sing the same radioactive tracer, xenon-I33, measurements of CBF obtained with the stationary detectors and by tomography were significantly correlated (p < 0. 0001). A substantial scatter was, however, observed. The standard deviation of pre dicting the tomographic CBF given the stationary detector CBF was 9 ml 100 g -1 min -I for Fg and 8 ml 100 g-I min -I for initial slope index. This is ap proximately twice the methodological error of the tomograph (SD = 3-4 rnl 100 g-I min -1) (Shirahata et aI. , 1985) . For comparison the methodological error using Fg and initial slope index, as found in test-retest measurement, was 6-8 and 3-4 ml 100 g-I min -I, respectively (Schroeder and Kastrup, 1984) .
Comparing the flow levels obtained with the two methods showed that at low flow levels the sta tionary detectors, for both Fg and initial slope index, yielded systematically lower values than did the tomograph. At higher flow levels f� tended to ward higher CBF values than did FT, whereas initial slope index increased parallel to FT (Fig. 3) . By the noninvasive xenon-133 CBF techniques, radiation from the air passages distorts the clearance curves, resulting in overestimation of flow (Obrist et aI. , 1975; Prohovnik et aI. , 1983) . This overestimation will be most pronounced when true flow levels are low. Using stationary detectors a delayed "start fit time, " as suggested by Obrist et al. (1975) , has di minished the problem. The present 10-detector equipment aimed at a solution by including in the algorithm a linear term correcting for the artifact, a term with a shape corresponding to the average xenon-133 concentration in the air curve. In a study comparing these two models using the same equip ment, the artifact-corrected algorithm proved to be more stable in low-flow conditions (Schroeder et aI. , 1986) , but it may cause an underestimation of CBF in these situations. On the other hand, the to mograph may overestimate CBF owing to unavoid able scattered radiation from the air passages. A systemic difference in flow level may also occur in the presence of lung disease, not un common in elderly smokers with cerebrovascular disease. Furthermore, trapping of gas in parts of the lungs seems to be quite common in healthy el derly people (Herholz, 1985) . In these instances the radioactivity of the end-expiratory air underesti mates the relative height of the arterial input func- tion to the brain, consequently underestimating CBF (Obrist et aI. , 1975) . In contrast, with external lung monitoring as used with the tomograph, the input curve is overestimated in these situations. By comparing flow in a given region or in one hemisphere with the symmetrical region of the op posite hemisphere, the methodological variations are markedly reduced (Blauenstein et aI. , 1977; Schroeder and Kastrup, 1984) . Accordingly the side-to-side asymmetries obtained with the two methods were excellently correlated (Fig. 5) . On the other hand, �25% of the signal received by a stationary detector placed over one hemisphere will originate from the contralateral hemisphere (Blauenstein et aI. , 1977; Wyper and Cooke, 1978; Bolmsjo, 1984) . Thus, the interhemispheric asym metry will be smoothed and, according to Bolmsjo (1984) , detected as only 50% of its true value. In the present study, using the same detectors and colli mators, the stationary detectors yielded 80-90% of the interhemispheric asymmetry detected by the tomograph (FT). Comparing the stationary detector device with the emission tomograph, it should be noticed that dealing with such relatively large areas as considered in this study does not do full justice to the capacities of the tomograph for detecting focal flow asymmetry. Accordingly when CBF was calculated from the middle cerebral territory (FTmca), the asymmetry was systematically more marked. Still the stationary detector initial slope index yielded 63% and Fg 74% of this asymmetry.
A major problem using xenon-133 for CBF mea surements concerns the Compton effect, irrespec tive of the equipment used. With stationary de tectors as much as 50% of the counting rate ema nates from scattered radiation, depending on the lower-level discriminator of the energy window Potchen et al., 1969) . Reducing the Compton scatter by a higher setting of the window is not practicable as the eventual decrease in counting rate yields poor counting statistics. Using a 20-cm diameter phantom, the tomograph gave a count rate of 40% in the center of a water-filled tube of 5-cm diameter surrounded by xenon-133 in water, indi cating that the tomographic CBF measurements are also severely influenced by Compton scatter (Holm et aI. , 1985) . This may account for the better-than predicted detection of CBF asymmetry obtained with stationary detectors in the present study.
J Cereb Blood Flow Metab. Vol. 6, No. 6. 1986 The spatial resolution may be improved by using fine-hole collimators (Bolmsjo, 1984) , but the low counting efficiency reduces the clinical value. Fur thermore, Bolmsjo's data (1984) indicated that a fine-hole collimator did not reduce the relative signal strength owing to cross-talk.
In the present study the five regional values were averaged. Reproducibility studies with the same equipment have shown standard deviation of CBF level determination to increase by 10-20% by using the individual detector data, whereas that of the side-to-side asymmetry doubles (Schroeder et aI., 1986). Thus, a single larger detector would most likely give an equally good estimate of CBF level. However, valuable information, provided by con sidering the side-to-side asymmetry in repeat studies, may not be recognized owing to the in creased variability of the asymmetry.
The ability of the stationary detectors to lateral ize cerebral infarctions visible on CT scan was good. Using initial slope index eight of nine patients at rest and all seven patients tested with acetazol amide were classified in accordance with the tomo graphic results. With Fg slightly inferior results were obtained. Our results concerning initial slope index compare favorably with those obtained by Halsey et al. (1981) . With respect to Fg these au thors found this index considerably less sensitive, in agreement with our previous experience (Schroeder et aI. , 1986) . The fact that the patients investigated in the present series were severely dis eased and subsequently revealed large CBF asym metries might explain this discrepancy. The algo rithm used in the present equipment for flow calcu lation, allowing a start fit time approximating zero, may add to an increased sensitivity. In spite of these possible improvements, a noncompartmental flow index such as initial slope index is to be pre ferred to the more widely used fast-compartment flow, Fg, when patients with cerebrovascular dis ease are investigated (Risberg et aI. , 1975; Halsey et aI. , 1981; Herholz, 1985; Schroeder et aI. , 1986) . The reason is that CBF may not be bimodally dis tributed, in which case the bicompartmental anal ysis gives unreliable flow values owing to '" slip page" (Obrist et aI. , 1975; Risberg, 1980) .
As in all other vascular areas, determination of flow in the resting state is of limited value. The finding of a reduced CBF, focally or in one hemi sphere, may be due to a restriction in blood supply. More often, though, it reflects a reduced metabolic demand of the brain tissue, i. e. , ischemic tissue damage. The cerebrovascular flow capacity may be assessed by use of a potent vasodilator stimulus such as CO2 inhalation or acetazolamide (Teasdale and Mendelow, 1981; Norrving et aI. , 1982; Vor strup et a\. , 1984a; Schroeder, 1986) . The con nected CBF values before and after vasodilation with acetazolamide in Fig. 4 showed good agree ment between the stationary detector initial slope index and the tomographic FT (Fig. 4) . By both methods patients with low baseline flow values showed a tendency toward a low acetazolamide flow and vice versa for high flow values. A more reliable measure of a restricted blood supply may be obtained by considering the interhemispheric CBF asymmetry before and after vasodilation in stead of just the flow increase following vasodila tion. In previous studies, as also illustrated by the case history presented, the asymmetry enhance ment has proved of value in the preoperative iden tification of patients who are at risk due to a criti cally reduced cerebral pert'usion pressure (Vorstrup et aI. , 1984a; Schroeder, 1986) . The clinical data in the presented case suggested that the transient ischemic attacks were hemodynamic rather than embolic, but the CBF asymmetry already observed in the baseline study could reflect as well sequels of cerebral tissue damage. The acetazolamide test, however, showed a marked enhancement of the CBF asymmetry, pointing to a compromised pert'u sion of the left hemisphere. The tomographic study even revealed a left hemispheric decrease in CBF, indicating a steal phenomenon. The low pert'usion pressure measured intraoperatively and the disap pearance of the CBF asymmetry both at rest and after acetazolamide 3 months postoperatively con firmed this interpretation of the preoperative re sults.
This comparative study of a mobile stationary detector unit and emission tomography allows the conclusion that a good estimate of CBF level and flow increases following vasodilation can be ob tained with the lO-detector device. The variation observed lay in part between the two methods, but was mainly, especially when flow increase after ac etazolamide was considered, due to variation within the two methods themselves. Accordingly as measurement of CBF asymmetry carries a much smaller error than does measurement of CBF level, the two methods correlated excellently in the de tection of flow asymmetry. By performing serial CBF studies and stressing the cerebral circulation with a potent vasodilator as acetazolamide, this rel atively simple mobile equipment can provide reli able and clinically useful information in patients with cerebrovascular disease sUbjected to recon structive carotid surgery.
